Ion-exchange calcium electrodes represent the first practical method for the direct measurement of ionized calcium [Ca ++ ] in biologic fluids. Using both "static" and "flowthrough" electrodes, serum [Ca ++ ] was within a rather narrow range: 0.94-1.33 mmoles/liter (mean, 1.14 mmoles/liter). Within a given individual, [ These studies were included as part of a symposium, January 1969 (1) and preliminary reports have appeared previously (2, 3).
INTRODUCTION
The physiologic importance of calcium is broad and complex. Classical frog heart experiments of McLean and Hastings (4) (5) (6) clearly demonstrated that ionized calcium [Ca"+] is the physiologically active species, and many important biologic processes are now known to be critically dependent on calcium ion activity (or concentration).
Serum ionized calcium is of particular interest since it plays a central role in over-all calcium metabolism. In 1911, Rona and Takahashi (7) found from dialysis experiments that the total calcium of serum is separable into diffusible and nondiffusible fractions. Numerous studies (4) (5) (6) have subsequently shown that there are three distinct calcium fractions in normal serum: (a) nondiffusible (protein-bound) calcium which, depending on pH and temperature, represents about 30- 55% of the total; (b) diffusible nonionized calcium (i.e. complexes and chelates) comprising about 5-15% of the total; and (c) ionized calcium.
One of the greatest difficulties in studies of calcium metabolism has been the lack of a practical method for direct measurement of ionized calcium. At least three methods have been used: (a) frog-heart (4-6) (b) rachitic cartilage bioassay (29) , and (c) metal ion indicators, particularly murexide (16, 18, 20, 23, 26-28, 30, 31) . Each of these has had rather restricted usefulness; murexide, for example, requires separation of proteins and heavy metals before analysis and thus does not readily lend itself to direct study of serum or to calcium-protein interaction.
Previous attempts at Ca"+ electrode measurements have been largely unsuccessful. Early studies with calcium amalgam electrodes by Fosbinder (32) showed that such electrodes were reliable only in aqueous solutions of calcium salts; the electrodes were poisoned by very small amounts of protein. In the 1940's, Sollner and co-workers (33) (34) (35) developed colloidion membrane electrodes for measurement of several ions, a technique later applied by Carr (36) to studies of calcium binding by fractionated proteins. The difficulty with these electrodes was that other ions also gave rise to potentials across the membrane. After Eisenman, Rudin, and Casbys' (37) development of sodium-selective glass electrodes, there was hope that a Ca"+ glass electrode could be perfected (38) . Again, some success was achieved in simple aqueous solutions, as noted by Truesdell and Christ (39) , but little or no success was achieved in biologic fluids. The selectively for Ca"+ of existing glass electrodes is probably too low for accurate measurements in biologic systems. More recently, Gregor and Schonhorn (40) (41) (42) have described multilayer membrane electrodes with Ca"+ sensitivity, but the selectivity of these electrodes is also probably too low for accurate measurements in biologic fluids.
In March 1965, we obtained from Orion Research, Inc., Cambridge, Mass. the first ion-exchange Ca"+ electrode (43) ; these and subsequent "generation" electrodes have been applied in a variety of biologic fluids. The present paper describes results in normal subjects; these results were included in a recent symposium (1) .
Although these electrodes allow study of numerous problems which would otherwise be quite difficult, it should be noted at the outset that they have not been perfected to the extent of current pH electrodes. The first commercial version (Orion Research, Inc., model 92-20) did not work satisfactorily in serum, a problem related to protein and to the specific membrane used in that electrode. While this problem was later resolved in the Orion flow-through system (model , the latter electrode requires skill and practice in fabrication.
METHODS
A total of 104 studies were made in 67 healthy volunteer hospital personnel, 46 females and 21 males whose age ranged from 16 to 61 yr (mean, 30.7 yr) . Venous 
Calcium electrodes
Two types of electrodes have been employed: (a) "static" and (b) "flow-through. " Static-type electrode. The "first generation" static electrode ( Fig. 1) was prepared in the laboratory as follows: Glass or plastic tubes were sealed at one end with viscose dialysis tubing, held in place by a silicone rubber sleeve, and filled with 2-3 ml of ion exchanger, the calcium salt of didecyl phosphoric acid dissolved in didecylphenyl phosphonate (Orion Research, Inc.). Electrical contact was made with a chloridized silver wire coated with 0.1 M KCl or CaCl2 in fused sorbitol. The volume of sample required was about 3 ml and equilibration time was usually 1-3 min. Average life-span of these electrodes was about 3 wk. This electrode is not to be confused with the "second generation" static electrode marketed by Orion Research (model 92-20), which employed a Millipore membrane and did not work satisfactorily in serum.
The static electrode, while being rather crude, had the advantage of allowing direct study of pH effects on [Ca"+] . This required a suitable C02 chamber (Fig. 2) in which Pco2 and sample pH could be carefully controlled. Both ionized calcium and pH were continuously monitored at 370C through separate electrometers, using a calomel electrode as common reference.
Flow-through electrode. The "third generation" electrode, and the second type to be used in these studies, was a flowthrough electrode marketed by Orion 
98-20)
, shown diagramatically in Fig. 3 . All measurements with this electrode were made at 250C. The flow-through system has several advantages over static-type electrodes: (a) equilibration is more rapid, usually 30-90 sec; (b) it is more stable, with typical drift of 2-5 mv/day as compared with 3-10 mv/day with static electrodes; (c) less sample volume is required, several measurements being possible with a 1 ml sample; and (d) the measurement is anaerobic, analogous to a blood pH measurement. Although we now use only this type of electrode in our laboratory, it has two disadvantages: (a) pH effects on ionized calcium cannot be directly monitored, and (b) it has not yet been thermostated, so that measurements are most conveniently made at room temperature. Since the binding of calcium to serum proteins is temperature as well as pH dependent, some difference between serum [Ca++] at 370C (static electrode) and 250C (flow-through electrode) would be expected and will be noted later.
Electrode selectivity
No glass or ion-exchange electrode behaves perfectly, inasmuch as all electrodes will respond to more than one species (so-called "sodium error" for glass pH electrodes at high pH). Thus, one is necessarily concerned with the "selectivity" of a given electrode, i.e., the potential which will be generated by one ion species in preference to other ion species. Eisenman et al. (37) (1) where (A+) and (B+) are the activities of ions A and B respectively, and kAB and nAB are adjustable parameters, constant for a given electrode and cation pair. The selectivity constant (kAB) denotes how well the electrode "sees" one cation (A+) in preference to the other cation (B+). Ross (43) has found that the potential of ion-exchange calcium electrodes is similarly given by the following empirical equation:
where At and z1 are the activity and charge of interfering ions i. The selectivity (Table I) for Ca++ over Na+ (and also K+) is so high that precise selectivity values are rather difficult to obtain. Ross (43) has found kcaN. and kcamg values of 10' and 0.014, respectively, at normal serum concentrations of these ions. Similar results have been obtained in our laboratory (3) . Thus in serum, the presence of 150 mM Na+ and 0.5 mm Mg`would result in about 2-3% enhancement of apparent Ca`+ concentration. Hydrogen ions and K+ errors must be considered in gastric juice and intracellular fluids respectively, but are of no consequence in extracellular fluids. The electrodes appear to be unresponsive to anions or to chelates of calcium. Below pH about 5.5, the electrodes no longer show Ca-+ selectivity but behave as pH electrodes (43) . We have obtained reproducible [Ca++] values in gastric juice, however, after alkalinization to pH 6-7 with NaOH (44).
Electrode calibration
Electrode potentials are a function of calcium ion activity (Ca'+). The absolute value of (Ca++) in any given solution is uncertain, however, since individual ion activity coefficients cannot be experimentally determined. Using a Naelectrdoe, Ag/AgCl electrode system, Moore and Ross (45) have estimated "CaCl2 in mixed CaCl2-NaCl solutions to be about 0.54 when NaCl = 0.15 mole/liter. From DebyeHuckel theory, this suggests that "Ca++ is about 0.3 in biologic fluids.
All Ca`+ values will therefore be given in concentration [Ca++] ±20C with a dialysis cell obtained from National Instrument Laboratories, Inc., Rockville, Md. Viscose dialysis tubing was soaked in running water and then in distilled water for about 20 min before use. Serum (10 ml), which had been separated under oil and its pH determined, was introduced anaerobically into the cell (preaerated with 5% C02) and pressure applied with pure nitrogen gas at 4-45 psi. Ultrafiltrates were removed anaerobically and immediately introduced into the Plexiglas chamber (also preaerated with 5% C02) for electrode aanlysis. All ultrafiltrates were clear; occasional cloudy samples were discarded and the experiment terminated.
In early studies, ultrafiltrate pH was somewhat higher (0.1-0.2 pH U) than original serum; the chamber was therefore modified to allow continuous gassing with moisturized 5%o C02 during pltrafiltration. pH regulation was then quite close, average ApH between ultrafiltrate and original serum in 9 normal and 10 pathologic sera was 0.039 ±0.013
Since binding of calcium to serum proteins is temperature-as well as pH dependent, it is important to note that ultrafiltrates were obtained at 250C. From ultracentrifugation data of Loken, Havel, Gordan, and Whittington (22), protein-bound calcium, [CaProt] , is about 5% lower at 250C than at 370C.
RESULTS
Do Ca++ electrodes work in biologic fluids? There are several ways in which it can be shown that the electrodes respond to changes in ionized calcium. In proteinfree solutions such as ultrafiltrates, this is indicated by linear "recovery" upon addition of CaCl2. A representative study is shown in Fig. 4 ; a quantitative linear in- [10, 000] ). This selectivity "constant" is not a constant however, but is dependent on both Ca`+ and Na' concentrations. Thus, the value 10,000: 1 was obtained at 1 mm CaCh-1 50 mM NaCl; at Ca`+ and Nat concentrations of 0.1 mmole/liter and 200 mmoles/liter respectively, Ross (51) has found that kcaNa is reduced to about half, i.e., -5000: 1. This is consistent with the residual value of 0.04 mmole/liter in Fig. 5 . These considerations emphasize that, in order to minimize Na+ errors in biologic fluids with very low Ca++ concentrations, variation in selectivity constant must be considered and should be experimentally determined in the concentration range under study.
Another way of showing that the electrode responds to Ca' is to measure the dissociation constant (Kd') of an important complex, such as calcium citrate. A single Fig. 8 , there was no apparent relationship between serum ionized and total calcium concentrations. For the 52 static electrode studies, the calculated least squares regression was: y = 0.92 + 0.08x (r = 0.18) whereas for the 18 flow-through electrode studies it was: y = 0.77 + 0.16x-(r = 0.48). The somewhat higher correlation coefficient with the flow-through electrode, which has lower duplicate variability than the static electrode (Table III Less consistent pH effects were also observed in ultrafiltrates, sometimes almost identical with those in corresponding sera, as in the subject shown in Fig. 9 .
Elect of Freezing on
This was quite unexpected and has since been studied rather extensively by Dr. Joel Jacknow in our laboratory, as will be noted below. This problem has been studied by Dr. Jacknow in our laboratory, as noted elsewhere (1 [Ca++] were therefore studied as follows: Sodium heparin (10,000 U/ml) was added in 0.02 ml increments to an aqueous solution (1.0 ml) containing 5 mM CaC12 and 150 mm NaCl, with continuous monitoring of ionized calcium by the electrode. As shown in Fig. 12 , there was a progressive decrease in the observed [Ca"+], amounting to about 45% reduction upon addition of 0.1 ml heparin. Similar addition of 0.05 ml and 0.2 ml, respectively, of heparin to two normal sera (1.0 ml) resulted in a 13% decrease and 45% decrease in ionized calcium, respectively. Thus, it appears that observed differences in [Ca++] in sera and whole blood can be accounted for by a calcium-heparin complex. Possible effects of erythrocytes on [Ca++] have not been studied, however.
Protein-binding studies. As noted in Fig. 8 There was no correlation between [CaProt] and serum globulin levels. As may be seen in Fig. 13 , however, [CaProt] -" zI 20 40 SERUM ALBUMIN (Fig. 9) , it was noted that [Ca'] decreased almost linearly with increasing pH. In the 52 normal subjects so studied, the following data were obtained: [Ca] -[(0.42) ([473) (7.42 - Na' activity in serum, as determined with sodiumselective glass electrodes, is almost identical with that of corresponding NaCl solutions after correction for serum water content (58) . Nevertheless, a variation in Ej of 0.5 mv could produce an error of about 4% -in apparent [Ca"+] .
It is of interest to compare electrode [Ca++] values with those obtained previously by other methods: (a) the frog heart (4-6), (b) rachitic cartilage bioassay (29) , and (c) metal ion indicators (16, 18, 20, 23, 26-28, 30, 31 Thus, pH effects have been observed in varying degree in all ultrafiltrates studied, but have not been seen in mixed standard solutions containing the most prevalent inorganic anions of serum. While the presence of unmeasured pH-dependent polyelectrolytes must be considered a possibility, the pH effect often seemed too great to be accounted for solely on this basis. Detailed calculations and careful studies by Dr. Jacknow in our laboratory suggest that the pH effect in ultrafiltrates largely represents precipitation of certain calcium salts. His calculations indicate that this is thermodynamically possible above pH 6.9; the kinetics might vary considerably, in which case a close correspondence of pH curves in serum and ultrafiltrate (Fig. 9) would be purely fortuitous.
The pH effect is presumably of importance in hypocalcemic tetany. pH effects in both serum and ultrafiltrates suggest that in interstitial fluid, alkalosis might diminish [Ca++] by both protein-binding and solubility effects. If hypocalcemic tetany is due to reduction in [Ca++] at nervous tistsue, we may surmise from observed pH effects (Fig. 9 ) that such pH-dependent changes in [Ca++] We wish to conclude with some notes of caution regarding these electrodes and point out some possible pitfalls in their use. First, the measurement is potentiometric; thus as with pH electrdoes, small errors in 332 E. W. Moore potential measurements generate rather large errors in apparent ion activity (or concentration). Since calcium binding by serum proteins and calcium solubility in other biologic fluids is pH dependent, sample pH should be closely regulated and loss of C02 prevented. For whole blood and plasma Ca", the common anticoagulants (citrate, oxalate, EDTA) cannot be used, owing to formation of rather strong calcium chelates; it now appears that heparin (Fig. 12 ) also should not be used unless its effect is quantified at the concentration employed. Na' and K+ errors must be considered, respectively, in certain extracellular and intracellular fluids having very low Ca"+ concentrations. Mg"+ error must be considered in intracellular fluids and H' error in any fluid with pH less than about 5.5. Insofar as the electrode itself is concerned, the commercial (Orion flowthrough) electrode has the disadvantages of being rather expensive, requires periodic replacement of membranes, and has not yet been thermostated. However, as summarized previously (1) , high quality data can be obtained in a variety of biologic systems if these factors are considered and appropriate precautions taken. We believe the electrode is a major step forward; [Ca"+] data, coupled with recent advances in hormone assays, should greatly enhance our present understanding of the physical chemistry and physiology of calcium metabolism.
